
The basic  i n t e r e s t s  of t he  NASA Lewis  Reserach Center l i e  along the  

l i n e s  of propulsion. Research i n  t h e  Magnetics and Cryophysics Branch is, 

therefore,  primarily directed toward propulsion applications. However, 

since many other aspects  of space dea l  w i t h  magnetics, other considerably 

broader f i e l d s  of research a re  being investigated. Among the  other  

spec i f ic  areas of i n t e r e s t  a re  magnetic shielding and cryogenic magnetic 

research directed toward t ransient ,  a-c, and steady-state applications.  

Each of t he  areas mentioned w i l l  be b r i e f l y  discussed w i t h  t he  purpose of 

acquainting t h e  reader with some o f  the spec i f ic  problems and possible  

solutions- 

Thermonuclear rocket propulsion appears t o  be one of t he  most prom- 

i s i n g  of t h e  systems proposed f o r  long-distance space missions ( r e f .  1). 

The system depends, of course, on t h e  attainment of a control lable  nuclear 

fusion reaction, which has not a s  ye t  been accomplished. 

reac t ions  most des i rab le  from a weight standpoint i s  the  deuterium, 

One of t he  

helium 3 reaction: 

D + He3 --t He4 + H + 15.1x1010 Btu,/lb 

D + D -c He3 + neutron + 3.4~10~' Btu/lb 

D -1- D -c T r i t i u m  + H + 4.1~10~~ Btu/lb 

(Negligible react ions 

i n  t h i s  case) I 
A powerplant configuration l i k e  t h a t  i n  f igu re  1 resul ts .  If the  reactor  
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temperature i s  kept high p & - s $ O g o  K) t h e  reac t ion  w i l l  take place 

as shown. .Tne deuterium w i l l  combine w i t h  i t s e l f  o n l y  very s l igh t ly .  

, extra shielding t o  pro tec t  t he  crew and 

and the  charged p a r t i c l e s  yielded may be mag- 

ne t i ca l ly  confined. 

glomeration of free electrons and ions) and i s  therefore  ca l led  a 

”magnetic bottle”.  

The magnet serves t o  contain t h e  plasma (a  con- 

Work i s  present ly  being done a t  Lewis that dea ls  with an experi- 

mental magnetic b o t t l e  section, which represents  one-third of t he  con- 

f igura t ion  shown i n  f igure  2 (ref. 2). 

w i l l  be capable of producing a f i e l d  strength of 200,000 gauss, w a s  

The design of t h i s  magnet, which 

aided by two physical properties:  

(1) The f i e l d  strength f o r  a f ixed current  densi ty  increases w i t h  

increasing magnet s ize .  

( 2 )  The r e s i s t i v i t y  of pure metals decreases d r a s t i c a l l y  as cryo- 

genic temperatures a re  reached (e.g., l i qu id  hydrogen temperature). 

The f i rs t  property i s  shown by the following equation f o r  f i e l d  strength: 

B = J p  0 A a l C  (1) 

The symbols and geometry are defined i n  f igure  3. If a1 i s  large,  a 

correspondingly l a rge  f i e l d  strength r e su l t s .  I n  t h e  case of t he  NASA 

magnetic b o t t l e  section, minimum power d iss ipa t ion  w a s  a requirement 

s ince a cryogenic f l u id  was t o  be used. The quan t i t i e s  a and p were 

specif ied by t h i s  consideration, and t h e  se lec t ion  of a1 then deter-  

mined t h e  remaining c o i l  parameters. The f i n a l  s t ruc ture  of t he  magnet 

depended not only on t h e  mathematical considerations discussed but a l s o  



on the  magnetic in te rac t ion  forces, t h a t  is, t h e  forces  caused by la rge  

cxrrects In p r o x w t y .  

I n  order t o  u t i l i z e  the  second physical  property, very high p u r i t y  

aluminum (99.9983 percent)  was used as t h e  conductor, and low tempera- 

ture operation with l i qu id  neon cooling w a s  decided on. The se lec t ion  

of aluminum over other high pur i ty  metals ava i lab le  w a s  governed by a 

property ca l led  magnetoresistance, t he  change i n  mater ia l  r e s i s t i v i t y  

with magnetic f i e l d ,  t h a t  i s  most ea s i ly  detected a t  cryogenic tempera- 

t u r e s  f o r  common conductors. 

a result, t h e  heat  load, va r i e s  with t h e  temperature and t h e  magnetic 

f i e l d  present, Since t h e  magnet will be operating i n  the  v i c i n i t y  of 

230,000 gauss, t he  r e s i s t i v i t y  w i l i b e  t h a t  corresponding t o  the  "satu- 

rated" port ion of t h e  curve (ref. 3). 

Figure 4 shows how t h e  r e s i s t i v i t y  and, as 

A t  f i rs t  glance, l i qu id  neon appears t o  be a r a the r  exotic choice 

f o r  the  r e f r ige ran t  due t o  i t s  lack of a v a i l a b i l i t y  (1.8 ppm i n  t he  

atmosphere), However, i t s  advantages were numerous enough t o  outweigh 

i t s  disadvantages. 

t he re  a r e  several  possible  cryogenic f lu ids :  

I n  t h e  range o f  temperature operation Considered, 

9 OK. 

(1) H e l i u m  -452-0 4.2 

( 2 )  Hydrogen -422.9 20.4 

(3)  Deuterium -417.1 23.6 

( 4 )  T r i t i u m  -414.4 25.2 

(5 )  Neon -413.6 27.2 

Since t h e  f l u i d  i s  t o  be used i n  d i rec t  contact with the  magnet co i l s ,  

which would be warm a t  times, hydrogen, deuterium, and tritium were ruled 
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out because of t he  hazards involved i n  venting la rge  quant i t ies  of 

hydrogenl Neon w a s  seiected over heliumbecause the  i a t e n t  heat per mi i t  

volume of neon i s  about twice t h a t  of helium, 

volumes of helium and neon boi l ing off, neon w i l l  remove about twice as 

much heat as helium. 

This means t h a t  f o r  equal. 

Figure 5 shows two of the twelve aluminum c o i l s  t h a t  w i l l  eventually 

be in s t a l l ed  i n  the magnet housing. The cycle that r e s u l t s  i n  cooling 

the cci. ls  by nucleate boi l ing  of the l i q u i d  neon i s  shown i n  f igure  6. 

Experiments dealing with plasma heating a r e  being planned i n  conJunetion 

with this high-f ie ld  magnet i n  an e f f o r t  t o  gain exgerience and research 

data nezessary f o r  f u r t h e r  examination of t h e  thermonuclear fusion 

proc e ss. 

It i s  obvious that any propulsion system i s  useless  f o r  manned space 

t r a v e l  i f  t h e  passengers a r e  not kept a l ive.  

f r o a  the  sun, f o r  example, could prove fa ta l  t o  space t ravelers .  A s  a 

I-esul.t., much e f f o r t  i s  being concentrated i n  the  area of space s'hieLd.ing. 

Lh.gnet.i?, space shielding i n  par t icu lar  m.y be a%Graef.ive f rom the  weight. 

standpoint due t o  the  f a i r l y  recent discovery of  high-fie13 superconduct- 

ing mt;e:rials (ref. 4) - 
to a large extent,  on the  . lMt . a t ions  of supercond.uctors. 

.Tnarged p a r t i c l e s  re leased 

The f e a s i b i l i t y  of magnetdc shielding depends, 

When a conductor reaches the superconducting s t a t e ,  i t s  res i s tance  

goes t o  zero. Ideally,  then, i n f i n i t e  current  could pass through such a 

conductor with no power loss due t o  I'R. 

:re s t r i c t  ions limit t>he usefulness of superconductors : 

Actually, however, a nmiber of 

(3.) They must be kept a t  low temperatures (3.35 t o  19' e). 
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( 2 )  A maximum amount of current ( c r i t i c a l  current)  can be passed 

t h r o w  the con6ucior. w i ~ i l o - ~ ~  ti i-etijl-~ tz, i t a  r T - - - n l f f  n+a+cl 
L L U L U L L L L  ""u""- 

(3) A maximum magnetic f i e l d  ( c r i t i c a l  f i e l d )  may be Fmpressed on 

t h e  zonductor, which i s  dependent on t h e  current  as w e l l  as the  external  

magnetic f i e l d  and temperature. 

Superconductivity, therefore,  i s  e s sen t i a l ly  a thermodynamic s t a t e  t h a t  

i s  dependent on a number of important conditions. However, it i s  qui te  

possible  t h a t  extremely la rge  magnets can be b u i l t  which, 

i f  t he  configusation i s  space crew - from 

1:harged par t ic les .  Some worthwhile configurations have been devised and 

others  a r e  being examined by a number of research s c i e n t i s t s  ( r e f .  4). 

While the configuration of such a sh ie ld  i s  of prime brportance, t h e  so- 

ca l led  " c r i t i c a l  f ie ld"  and " c r i t i c a l  current" aspects  of t he  more basic  

problem are  cur ren t ly  receiving t h e  most a t tent ion.  

F a c i l i t i e s  a r e  avai lable  a t  Lewis fo r  t he  study of superconductors 

i n  high f i e lds .  Among the  more important research t o o l s  i s  t h e  190,000 

gauss water-cooled magnet, homopolar generator combination (ref. 5) .  The 

const.ruction of t h i s  magnet i s  shown i n  f igure  7, and the output charac- 

t e r i s t d c s  of t he  homopolar generator and i t s  layout a re  shown i n  f igure  8. 

W i t h  t h i s  f a c i l i t y ,  many in te res t ing  discoveries  have been made  concern- 

ing hard superconductors. 

exhib i t s  normai res is tance,  tha t  is, i t s  c r i t i c a l  f i e l d  and c r i t i c a l  

The points  a t  which a superconducting mater ia l  

current  pclints, a r e  of considerable in te res t .  Constant f i e l d  p l o t s  as 

wel l  as constant current p l o t s  were made on samples of niobium-tin wire 

both w i t h  and without copper cladding on t h e  wire (see f ig .  9 ) .  The 



- 6 -  

attained. Others show t h a t  t h e  f i e l d  a t  constant current  w a s  brought up 

i n  a simflar manner u n t i l  t h e  superconductor exhibited normal resistance.  

It. i s  apparent t h a t  i n s t a b i l i t y  ex i s t s  a t  the  low regions of magnetic 

f i e ld .  

~3.11, it. i s  hoped, shed new light on t h e  theory of sqperconducting mag- 

An analysis  i s  now i n  progress regarding t h i s  phenomenon which 

netsD 

super c onduc t i v i  t y . 
There is, needless t o  say, much work t o  be done i n  t h e  f i e l d  of 

It i s  a, fomnidable problem t o  design an absolutely '*impregnable" 

magnetic configuration around t h e  basic  l imi t a t ions  of superconducting 

materfals. If a su i t ab le  design i s  discovered, t h e  problem of control  

of t he  magnet presents  i tsel f .  

low-current d-c 

( Ion propulsion u n i t s  require  high-voltage supplies. 

u t f i i z e  a magnetic space sh ie ld  consisting of superconducting windings, 

t h e  high-voltage low-current d-c sumly  should be transformed to a 

high-current low-voltage supFly. 

It is qui te  possible  that a high-voltage 

power 8ugqjd.y w i l l  be ava i lab le  on l a rge  space vehicles. 

I n  order t o  

This could be done by a so-called 

d-,? pulsed transformer". Such a transformer could regulate  the 11 

anount of current  flowing i n  the space shield qui te ' eas i ly ,  and no i n t e r -  

mittent mechanical superconducting j u w t d o n s  would have t o  be mde. The 

prop3sed operation of  t h e  transformer i s  i l l u s t r a t e d  i n  f igure  io. 

voltage impressed on the  secondary would be given by t h e  following 

r e l a t i o n  (ref,  6) :  

The 

a% e = N -  a t  i z >  



where Qt 

represented- by 

i s  t h e  t o t a l  flux linked by the  secondary winding and can be 

i s  the  f lux  l inked by t h e  secondary due t o  the  primary 
where 'sec/pri 

current,  and Osee 

secondary current-  

i s  the  f lux  linked by the  secondary due t o  t he  

Equation ( 2 )  can a l so  be wr i t t en  as 

dipri ai see * Lsec dt e EM- a t  

' 0  see 
i s  the  mutual inductance and Lsec = N - 

P r i  see 
dQsec/pri where M r- N 

i s  t h e  secondary self inductance. 

If t h e  secondary i s  superconducting, t h e  induced voltage i s  a l s o  

given by 

On integrat ion,  equations ( 4 )  and (5)  y ie ld  

(4) 

Thus, i f  t h e  secondary i s  completely superconducting, any increase i n  

primary current w i l l  cause a d i r ec t ly  prcport ional  increase i n  the  second- 

a ry  current  i f  M, Le, an6 Lsec s tay  constant. If a resis tance i s  

inser ted  i n  the  secondary, isec w i l l  decay t o  zero. This can be 

accomplished by heat ing a small portion of t he  superconducting Secondary 

untJ.1 it exhib i t s  i t s  normal resistance.  

turned off allowing t h e  secondary t o  again become superconducting, a 

If the  secondary heater  i s  then 



reduction of the  primary current t o  zero w i l l  induce a current  equal t o  

-I . t s e r ,  i f  all lieat l o s ses  a r e  neglected. Tnus, t'ne space shield wodd  

be energized, and no input current  would be necessary at t h e  end of t h e  

sequenze. 

the  end r e s u l t  hopefully being an undergraduate t h e s i s  f o r  t he  E l e c t r i c a l  

Engineering Department here  a t  the  University of Cincinnati. 

Further work on t h i s  project  i s  being done by t h e  wr i te r  with 

!%e wide range of subject matter available a t  NASA lends i t s e l f  w e l l  

Lo t h e  muzh desired a t t i t u d e  of f r ee  construct ive research. 
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PROPELLANT 
INCORPORATION OF SHIELDED AND 
CRYOGENICALLY COOLED MAGNET 
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Fig. 1. - Thermonuclear rocke t .  
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Fig. 2. - Magnetic bottle configuration. 
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